The goal of the present experiments was to determine whether electrophysiological response 49 properties of the ON and OFF visual pathways observed in animal experimental models can be 50 observed in human. Visual Evoked Potentials (VEPs) were recorded in response to equivalent 51 magnitude contrast increments and decrements presented using sawtooth temporal waveforms at 52 a temporal frequency of 2.73 Hz. VEP response waveforms and response spectra for incremental 53 and decremental stimuli were analyzed as a function of stimulus size and visual field location in 54 68 healthy adult participants. VEP response were larger in amplitude and shorter in latency for 55 contrast decrements than for contrast increments. The spatial tuning was narrower for contrast 56 decrements than for contrast increments and responses were larger for displays that were scaled 57 for cortical magnification. VEPs recorded at the scalp differ between contrast decrements and 58 increments of equal Weber contrast in a fashion that parallels results from the early visual system 59 of cats and monkeys. Because our assay allows differential detection of ON and OFF pathway 60 activity in human, the approach may be useful in future work on disease detection and treatment 61 monitoring. 62 63 64
Introduction 68 69
In the vertebrate retina, two parallel pathways diverge from the first synapse between the 70 of 20% Weber contrast for both increments and decrements. Contrast was calculated as the probe 129 luminance minus the pedestal luminance over the pedestal luminance. Increments and 130 decrements had opposite signs but equal values in under this definition. Stimuli were presented 131 on a SONY PVM-2541 monitor (1920X1080 pixels) viewed monocularly at a distance of 70 cm. 132
The stimuli comprised multi-element arrays where each element comprised a probe-on-pedestal 133 element (see Fig. 1C for an example). Pedestal luminance was 50 cd/m2, background 134 luminance was 11 cd/m2 and probe contrast relative to the pedestal was +/-20% based on the 135
Weber definition Lmax-Lmin/Lmin. Display pipeline delays and EEG pipeline delays were 136 measured with a photocell and have been corrected. 137
138
General Procedure. The stimuli were presented in trials that lasted 12 sec for Experiment 1, 11 139 sec and 13.2 sec for the Experiments 2 and 3, respectively. The first and last seconds 140 (Experiment 1) and the first and last 1.1 seconds for Experiments 2 and 3 were excluded from the 141 data analysis. Participants were instructed to withhold blinking and fixate on the center element 142
in Experiments 1 and 3. In Experiment 2, the participants performed a concurrent letter 143 discrimination task presented within the central hexagon designed to control fixation and 144
Fig. 1. A. Probe waveforms. Incremental (blue) and decremental (red) sawtooth waveforms designed to favor ON vs OFF pathway responses, respectively. A stimulus frequency of 3 Hz is illustrated. B. Probe on pedestal display element. The sawtooth-modulated probes (small white hexagon) were presented on a mid-gray pedestal (medium size hexagon. An incremental pedestal is illustrated. The probe was 20% the size of the pedestal. The pedestal was surrounded by a black background region (largest hexagon). Weber contrast was 20% for both increments and decrements. C. Scaled stimulus array. The visual field was tiled with a set of probe/pedestal elements. The size of the elements was scaled over eccentricity according to the cortical magnification factor to optimize responses from the periphery. Typical field size was ~20 deg in radius (rings indicate 5 deg eccentricity radii from central fixation).
attention. The stimulus conditions were presented in random order with 3000 msec inter-trial 145 intervals. Viewing was monocular in each experiment. and between 5.6 to 16 arc min for the corresponding probes. The size of the array elements was 155 scaled based on prior estimates of the cortical magnification factor (Baseler et al., 1994) . The 156 probe, pedestal and background luminance values were the same as for the rectangular array 157 described above. This experiment was conducted with 19 participants (10 female, mean age 25). 158
The experiment comprised 10 conditions (5 spatial layouts and 2 contrast signs). Nine trials 159 lasting 12 sec were collected and the order of presentation was randomized. 160
161
Experiment 2 visual stimuli and participants. This experiment was designed to collect data from 162 a larger sample of participants with a display that eliminated elements that straddled the 163 horizontal and vertical meridian (see Fig. 1C ). This experiment utilized an 8 arcmin probe/40 164 arcmin pedestal display and was conducted with 30 participants (11 female, mean age 20). Nine 165 trials lasting 13.2 sec were presented for both increments and decrements (8 conditions). Other work on the multi-focal VEP, by contrast, has scaled the elements of multi-element 214 displays in order to equate the cortical area being stimulated over retinal eccentricity (Baseler et 215 al., 1994) . This has the benefit of roughly equating SNR for elements presented at different 216 locations in the visual field. To determine whether scaling the VEP test/pedestal stimulus for 217
retinal eccentricity results in a larger VEP than an unscaled stimulus, we compared responses 218 generated by several cortically scaled arrays to those from an unscaled array similar to one used 219 in previous experiments on incremental and decremental SSVEP responses (Zemon et al., 2008 ; 220
Chen and Zhao, 2017; Xu et al., 2017; (Greenstein et al., 1998) . 221
222
The logic of the scaling is most easily understood by considering the central element of the 223 multi-element array. This element is at the point of fixation (the fovea) where cortical 224 magnification is highest. We sought to determine what the optimal spatial scale for the entire 225 array would be to elicit the largest VEP. This scale would presumably be the one that drives the 226 largest number of cells at each eccentricity. Because of cortical magnification, the probe and 227 pedestal in the fovea should be much smaller than the probes and pedestals in the periphery. We 228 reasoned that by fixing the cortical magnification factor and varying the size of central element, 229
we could determine which set of scaled elements resulted in the largest evoked response. After 230 some preliminary testing, we settled on a range of element sizes that spanned a factor of 4 in 231 half-octave steps. 
. Effect of varying element scaling and format. A)-E) Increment (blue) and decrement (red) responses (left panels) for different array scalings and formats (right panels).
latency of the negative peak is slightly shorter for decrements than for increments. 262 263 Figure 3E shows the data from the rectangular array. Both increment and decrement responses 264 are smaller than any of the responses measured with scaled arrays. This is despite there being 265 more probes in the rectangular array (100) than in 3 of 4 of the scaled arrays (125, 59, 35 and 19 266 respectively). The response to decrements is larger for the rectangular array, as it was for the 267 hexagonal display scaling that resulted in the largest overall response (40 arc min). Given that 268 the 40 arcmin scaled array evoked the largest response and that the response differed for 269 increments and decrements, this display scaling was used for the remaining experiments. In this experiment, we used the 40 arcmin scaled array to collect monocular data for incremental 274 and decremental stimuli in a group of 30 participants. Cycle-averaged waveforms for increments 275 are shown in Figure 4A as the blue trace and for decrements as the red trace in Fig. 3A . The 276 time domain waveforms in this group of participants were similar to those shown in Figure 3B decrements, consistent with the earlier peak latency for decrements seen in Figure 3A . Upper and lower field responses for two stimulus arrays that differed in visual field extent (Fig. 4  300 A and B) were combined and are shown as cycle averages in Fig. 4C and D and as frequency 301 components in Fig. 4E-4L . In the time-domain, there is an initial lower visual field positivity 302 near 85 msec for decrements and a corresponding upper-field negativity at the same latency 303 (compare Fig. 4C solid and dashed, curves, respectively. These matching negative/positive 304 peaks are also present for increments, but the peak latency is later at approximately 95 msec (Fig.  305   4D solid vs dashed curves) . The polarity inversion of the 85/95 msec peak is consistent with 306 sources in early visual cortex (Ales et al., 2010) . Within the lower visual field, responses to 307 decrements are larger than those for increments by a factor of 2.5 for the 85/95 msec peak 308
Fig. 3. A. Evoked response in the time-domain for full-field increments (blue) and decrements (red). Error bands plot +/-1 s.e.m. Response is larger and latency shorter for decrements (n=30 eyes). B-E. Evoked response in the frequency domain at 1F, 2F, 3F and 4F, respectively. Responses to increments are in blue, decrements in red. Error ellipses represent 1 s.e.m contours.
(compare solid curves in Fig. 4C to those of Fig. 4D ). The corresponding responses in the upper 309 field are also larger for decrements, but by a smaller fraction at this latency. The response 310 amplitudes at 85 msec, the time of the initial peak for decrements, differ by factor ~4.5 between 311 upper and lower field responses with lower field responses being larger (see Fig. 4C ). For the 312 ~95 msec peak for increments, lower field responses are larger by a factor of ~1.8 (see Fig. 4D ). 313 314 These initial deflections are followed by larger peaks, consisting of a ~150 msec negativity for 315 both decrements and increments in the lower visual field. In the upper visual field, the potential 316 comprises a broader positivity of different. The mid-latency lower field responses are also larger 317 than the corresponding upper field responses for both decrements and increments (a factor of ~ 2 318 for both decrements and increments). The decremental response peaks occur ~ 10 msec earlier 319 than the increment responses at both early (85/90 msec) and mid latencies (~150 msec) and these 320 latency differences are of the same magnitude in the upper and lower visual fields. As noted, 321 decrement responses have larger peak amplitudes at both ~90 and ~150 msec in the lower visual 322 field. In the upper visual field, the ~90 msec negative peak is larger but the later positivity is the 323 same amplitude at mid latencies. 324
Responses for 1F, 2F, 3F and 4F response components are shown in Fig 4E-5L . Here the large 325 amplitude differences between lower and upper visual field are again apparent in the length of 326 the response vectors. The shorter latency for decrements than for increments is also apparent in 327 the frequency-domain results where it manifests as phase leads. 328 329 
Fig. 4. Upper vs lower visual field responses. A) Example large-field display (lower field/increments) B) Example smaller-field display (lower field/increments). Both upper and lower and incremental and decremental displays were used. C) Response waveform, upper vs lower field increments D) Response waveform, upper vs lower field increments E-L Upper field (dashed) vs lower field (solid) responses for increments (warm colors) and decrements (cool colors

356
Here we find that VEPs to equal-value sawtooth increments versus decrements recorded at the 357 scalp differ in several respects. The spatial tuning for decrements is narrower than for 358 increments and responses to decrements are typically larger and faster than responses to 359
increments. In addition, we found lower field responses to be substantially larger than upper 360 field responses. 361 
Comparison with previous VEP studies of increment and decrement responses. 363 364
Several previous studies have compared VEPs to contrast increments and decrements. Zemon et 365 al., (1988) introduced the use of isolated checks on a mid-gray background to allow for separate 366 testing of contrast increments and decrements. The checks were sinusoidally modulated in 367 luminance above and below the mid-level luminance of a static background to bias responses to 368 the ON vs OFF pathways, respectively. In the single-subject records shown in the paper, 369 responses to decrements were consistently larger than those for increments, a pattern we find to 370 typically hold, as well. They also reported that the spatial tuning for incremental vs decremental 371 stimuli depended on the size of the checks, being consistently larger for smaller, decremental 372 checks than for corresponding incremental checks of the same size. Responses to our 373 rectangular-array stimulus showed a strong amplitude bias in favor of decrements under probe-374 size conditions that produced a consistently large bias in favor of decrements in Zemon et al's 375 measurements. We also found that the relative amplitude of incremental vs decremental stimuli 376 depends on the spatial parameters of the display, but we found that spatial tuning was narrower 377 for decrements, rather than for increments, as was the case in Zemon et al., 1988) . A later study 378 working within the same paradigm used sinusoidally modulated isolated checks presented at 6 379 and 15 Hz (Greenstein et al., 1998). Although not specifically analyzed, it is apparent from their 380 Figure 5 that the amplitudes for increments and decrements were very similar in their normal 381 vision control group, while we find larger responses for decrements. 382
383
Other considerably smaller studies that have compared incremental decremental response have 384 found mixed results. A study using transient onset/offset of contrast increments and decrements 385 found larger increment responses in a group of 5 participants (Mutlukan et al., 1992) . Another 386 study used 2 Hz saw-tooth waveforms similar to ours and found no amplitude differences 387 between incremental vs decremental stimuli in two participants (Roveri et al., 1997) . Their use of 388 sawtooth waveforms, as ours was motivated by the finding the fast increment/slow decrement 389 waveforms preferentially activated ON retinal ganglion cell in the macaque while fast 390 decrement/slow increment waveforms activation OFF cells (Kremers et al., 1993) . Some of the 391 difference between our study and these previous ones could have been due to sampling biases in 392 small studies. We find larger amplitudes for decrements over three studies involving 68 393 participants. Nonetheless, considering our data in Fig. 3 and the data from previous studies 394 reviewed above, it appears that the relative amplitude of incremental vs decremental responses 395 may depend on the conditions of measurement and may not be a fixed property of all stimuli. 396
397
In terms of the dynamics of ON and OFF pathways, Zemon et al., (1988) and Greenstein et al 398 (1998) both measured the phase of the Steady-State VEP for increments and decrements (typical 399 response frequency of 6 Hz) and found no measurable differences for the two contrast polarities. 400
Similarly, no latency differences were reported in the other studies that have compared 401 incremental and decremental responses (Mutlukan et al., 1992; Roveri et al., 1997) . In contrast 402
to these previous studies, we find small, but measurable timing differences between decremental 403 and incremental responses. The differences are most readily apparent in the hemifield data, 404
where we could measure both early latency and mid latency components in the time domain and 405 corresponding phase shifts across lower and higher harmonic responses. These differences were 406 small, making them difficult to measure. Moreover, the use of full field stimulation, as in 407 previous studies may complicate the measurement. Responses from early visual areas may be 408 obscured with full-field recordings (compare response amplitude at ~90 msec in Fig. 4 to that of 409 
